INTRODUCTION
Endothelial dysfunction is established in the initial step of atherosclerosis and plays an important role in the development of this condition. 1 Additionally, it is well known that endothelial function is an independent predictor of cardiovascular events. 2 Therefore, it is clinically important to estimate the condition of endothelial function, which provides additive information for risk stratification of patients. Recently, measurement of flow-mediated vasodilation (FMD) in the brachial artery using high-resolution ultrasound has been widely used as a method for assessing endothelial function. [3] [4] [5] [6] [7] Measurement of FMD reflects nitric oxide (NO) production, and growing evidence has shown that endothelial function assessed by FMD can serve as an independent predictor of cardiovascular events. [8] [9] [10] However, methodology for measuring FMD has not been fully established. 11 12 In the traditional approach, FMD is assessed at arbitrary time points after cuff release, 3 5 13 14 whereas, current technological advancement enables evaluation of continuous changes in brachial artery diameter automatically using ultrasonography with an edge detection and wall tracking system, providing true peak diameter during reactive hyperaemia. Indeed, a recent study has demonstrated that the time to peak diameter was different in young and older subjects, and that FMD calculated at a single time point underestimates the true peak FMD. 15 In addition to methodological issues, the absence of diagnostic criteria makes it difficult to interpret the results of FMD in clinical practice.
Although several investigators have examined the relationships between FMD and cardiovascular risk factors as well as potential factors that might confound interpretation of FMD, previous studies were limited to small numbers of or highly selected subjects, and used the traditional approach in which FMD was calculated at arbitrary time points or within a fixed time window. 4 5 13 16 We therefore investigated the relationships between FMD and cardiovascular risk factors in a large general population, and we evaluated correlated factors for measurement of FMD using automated computerised ultrasonography with an edge-tracking system that enables continuous assessment of brachial artery diameter.
METHODS Subjects
A total of 5314 Japanese adults aged 17-86 years who underwent health-screening examinations with
Open Access Scan to access more free content agreement for measurement of vascular function were enrolled in the Flow-mediated Dilation Japan Registry between 1 April 2010 and 31 August 2012 at three general hospitals in Japan. All employees have an obligation to undergo health screening every year under the regulations of the society-managed health insurance union in Japan. In accordance with the regulations, we performed health-screening examinations. Subjects with severe valvular heart disease, arrhythmia that required treatment, severe chronic heart failure (New York Heart Association level of more than III), or malignancy and patients with receiving treatment with steroids, non-steroidal anti-inflammatory drugs or immunosuppressive drugs were excluded from the study. Hypertension was defined as systolic blood pressure of more than 140 mm Hg or diastolic blood pressure of more than 90 mm Hg, in a sitting position, on at least three different occasions. Patients with secondary forms of hypertension were excluded on the basis of complete history; physical examination; radiological and ultrasound examinations; urinalysis; plasma rennin activity; plasma aldosterone and norepinephrine concentrations; serum creatinine, potassium, calcium and free thyroxine concentrations; and 24-h urinary excretion of 17-hydroxycorticosteroids, 17-ketogenic steroids and vanillymandelic acid. Diabetes was defined according to the American Diabetes Association. 17 Dyslipidemia was defined according to the third report of the National Cholesterol Education Program. 18 We defined smokers as those who were currently smoking. Coronary heart disease included angina pectoris, myocardial infarction and unstable angina. Unstable angina was designated when a history of prolonged ischaemic chest pain (>15 min in duration) was accompanied by transient ischaemic ST segment and T-wave abnormality in the electrocardiographic tracing but not accompanied by development of Q-wave abnormality or by serum enzyme changes characteristic of myocardial necrosis. Cerebrovascular disease included ischaemic stroke, haemorrhagic stroke, and transient ischaemic attack. Healthy subjects had no history of cardiovascular and cerebrovascular diseases, liver diseases, renal diseases, autoimmune diseases, or malignant diseases and had no coronary risk factors, including hypertension, dyslipidemia, diabetes mellitus and smoking. Framingham Risk score was calculated by points of risk factors: age, total cholesterol level, high-density lipoprotein (HDL) cholesterol level, systolic blood pressure and smoking status. 19 The ethical committees of our institutions approved the study protocol. Written informed consent for participation in the study was obtained from all subjects.
Subjects fasted the previous night for at least 12 h. After remaining in the supine position for 30 min, fasting serum concentrations of total cholesterol, HDL cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, creatinine, glucose and HbA1c were measured.
Measurement of FMD
All studies were performed in the morning, after overnight fasting, in a quiet, dark and air-conditioned room (constant temperature of 22-25°C). The subjects remained supine throughout the study. The vascular response to reactive hyperaemia in the brachial artery was used for assessment of endotheliumdependent FMD. For all details on the measurements, see the online-only supplementary data.
Statistical analysis
Results are presented as mean±SD. All reported probability values were two-sided, and a probability value of <0.05 was considered statistically significant. Categorical variables were compared by means of χ 2 test. Continuous variables were compared by using analysis of variance (ANOVA) for multiple groups. Relations between variables were determined by Spearman correlation coefficients analysis. Multivariate regression analyses were performed to identify factors associated with FMD in risk factors and laboratory data. The data were processed using the software package Stata V.9 (Stata, College Station, Texas, USA).
RESULTS

Baseline clinical characteristics
The baseline clinical characteristics of the subjects are summarised in table 1. The age range was 17-86 years. Of the 5314 subjects, 4131 (77.7%) were men and 1183 (22.3%) were women. Seven hundred and thirty-eight (13.9%) had hypertension, 2264 (42.6%) had dyslipidemia, 336 (6.3%) had diabetes mellitus and 1495 (28.4%) were smokers. The mean value of FMD was 6.16±3.26% (median, 5.9%; IQR, 4.0-8.0%; range, −4.7-21.9%) (see online supplementary figure S1). FMD was significantly lower in men than in women (5.92±3.05 vs 6.99 ±3.77%, p<0.001). Baseline brachial artery diameter was significantly larger in men than in women (4.19±0.50 vs 3.38 ±0.48 mm, p<0.001).
Relationships between FMD and cardiovascular risk factors
There was a significant negative correlation between FMD and Framingham Risk score (r=−0.29, p<0.001) (see online supplementary figure S2A). Univariate regression analysis revealed that FMD significantly correlated with age (r=−0.27, p<0.001), Body Mass Index (r=−0.14, p<0.001), systolic blood pressure (r=−0.18, p<0.001), diastolic blood pressure (r=−0.13, p<0.001), total cholesterol (r=−0.07, p<0.001), triglycerides (r=−0.10, p<0.001), HDL cholesterol (r=0.06, p<0.001), LDL cholesterol (r=−0.04, p=0.01), glucose level (r=−0.14, p<0.001), HbA1c (r=−0.14, p<0.001), and baseline brachial artery diameter (r=−0.43, p<0.001), as well as figure S2B) . Online supplementary figure S3 shows FMD in subjects with no cardiovascular risk factors (no-risk group), subjects with at least one coronary risk factor, including hypertension, dyslipidemia, diabetes mellitus and smoking, but without established cardiovascular disease (at-risk group), and subjects with cardiovascular disease (CVD group). FMD in the CVD group was significantly impaired compared to that in the no-risk group or at-risk group (no-risk group, 6.70±3.25%; at-risk group, 5.45±3.03%; CVD group, 4.88±3.00%; p<0.001 for CVD group vs no-risk group; p=0.03 for CVD group vs at-risk group), and FMD in the at-risk group was significantly impaired compared with that in the no-risk group ( p<0.001).
We next categorised subjects into four groups based on FMD (table 2) . There were significant decreases in the prevalence of hypertension, dyslipidemia, diabetes mellitus, smoking, coronary heart disease and cerebrovascular disease with increase in FMD (see online supplementary figure S4A and S4B). Multivariate analysis revealed that age, sex, Body Mass Index, systolic blood pressure, diastolic blood pressure, dyslipidemia, diabetes mellitus, smoking and baseline brachial artery diameter were independent predictors of FMD (table 3) .
Relationships of FMD with age and gender
Subjects were divided into six groups based on age decades from the 20s through the 70s. FMD was significantly higher in women than in men from the 20s until the 40s (8.77±3.55 vs 6.63±3.28% in the 20s; 8.47±3.55% vs 6.60±2.91% in the 30s; 7.51±3.72 vs 6.24±3.04% in 40s; p<0.001, respectively), after which it declined. There was no significant gender difference in FMD from the 50s (5.85±3.43 vs 5.56±2.90% in the 50s; 4.45±2.80 vs 5.05±2.93% in the 60s; 4.53±2.65 vs 3.83 ±2.28% in over 70s) in all subjects (see online supplementary figure S5A ). In the no-risk group, FMD was significantly higher in women than in men from the 20s until the 40s (8.75±3.54 vs 6.64±3.07% in the 20s; 8.60±3.43 vs 6.61±2.87% in the 30s; 7.78±3.80 vs 6.60±3.08% in 40s; p<0.001, respectively, online supplementary figure S5B), after which it declined. There was no significant gender difference in FMD from the 50s (6.10 ±3.26 vs 5.94±2.88% in the 50s; 5.32±2.61 vs 5.79±3.01% in the 60s; 5.55±2.61 vs 4.00±2.63% in over 70s). On the other hand, in the at-risk and CVD groups, FMD was 
Relationships between FMD and blood pressure
Subjects were classified into four groups on the basis of the criteria of Joint National Committee (JNC) VII 20 : normal, prehypertension, stage 1 hypertension and stage 2 hypertension. The clinical characteristics of blood pressure categories are summarised in online supplementary table V. FMD was significantly higher in the normal blood pressure group than in the prehypertension group and decreased significantly in relation to increase in the stage of blood pressure category (see online supplementary figure S6).
Relationship between FMD and baseline brachial artery diameter
We classified subjects into four groups based on the baseline brachial artery diameter (quartile 1, ≤3.60 mm; quartile 2, 3.61-≤4.03 mm; quartile 3, 4.04-≤4.41 mm; and quartile 4, ≥4.42 mm). The clinical characteristics of subjects in the brachial artery diameter quartiles are summarised in online supplementary table VI. Figure 1 shows the relationship between FMD and baseline brachial artery diameter in each decade of age. FMD decreased significantly in relation to increase in baseline brachial artery diameter and correlated negatively with baseline brachial artery diameter in every decade from the 20s through the over 70s (see online supplementary table VII). On a gender basis, there were significant correlations between FMD and baseline brachial artery diameter in men and women (see online supplementary table VIII).
DISCUSSION
In the present study, we demonstrated that FMD decreased in relation to cumulative cardiovascular risk factors and significantly correlated with cardiovascular risk factors. Additionally, age, sex, blood pressure and, particularly, baseline brachial artery diameter were strong independent predictors of FMD. Although correlations between FMD and coronary risk factors were investigated in previous studies, 3-5 13 FMD was measured at an arbitrary time point, typically 60s after cuff release, or within a fixed time window during reactive hyperaemia in those subjects. However, these methods have been demonstrated to have the possibility of failing to identify the true peak diameter, leading to underestimation of FMD values and drawing a different conclusion. 15 A recently developed ultrasound system enables continuous assessment of brachial artery diameter change. In the present study, we adopted a continuous diameter assessment methodology using automated computerised ultrasonography with an edge-tracking system. In this approach, the transducer was held at the same position, and edges of the brachial artery were automatically detected and continuously tracked at the same point throughout the study. Therefore, compared with the traditional approach, this method may provide true values of peak FMD and enable more accurate and simpler measurement of FMD.
It is well known that cardiovascular risk factors impair endothelial function. 1 In the present study, we confirmed that endothelial function assessed by FMD significantly correlated with cardiovascular risk factors, including age, Body Mass Index, systolic and diastolic blood pressure, total cholesterol, triglycerides, HDL cholesterol, LDL cholesterol, glucose and HbA1c, and that prevalence of hypertension, dyslipidemia, diabetes mellitus and smoking, as well as the incidence of CVDs, increased in relation to decrease in FMD. Additionally, FMD inversely correlated with Framingham Risk score, which is a risk calculator and an index of cumulative cardiovascular risk commonly used for assessing the probability of heart attack or death from heart disease within 10 years. These results are consistent with results of previous studies demonstrating a correlation between cumulative risk factors and impaired FMD. 4 5 These findings suggest that FMD can be used as a marker of atherosclerosis, indicating the Figure 1 Bar graphs show flow-mediated vasodilation in subjects classified into four groups based on brachial artery diameter in each decade of age.
possibility to provide additional information about the extent of atherosclerosis and for risk stratification in a general population.
In the present study, multivariate analysis revealed that age, male gender, systolic blood pressure and baseline brachial artery diameter were independent determinants of FMD. A correlation between aging and impaired endothelial function has been consistently shown in previous studies.
5 13 21 Although the precise mechanism by which aging is associated with endothelial dysfunction has not been fully elucidated, an imbalance of endothelium-derived vasodilators, especially NO, and reactive oxygen species, so-called oxidative stress, may be involved in age-related endothelial dysfunction. We previously demonstrated that a deficiency of tetrahydrobiopterin , an essential cofactor for NO synthase, is involved in the pathogenesis of disturbances in endothelium-dependent vasodilation related to aging through decrease in NO production and increase in oxidative stress. 22 In the present study, FMD in women was significantly higher than that in men until the 40s, after which it declined with no significant difference between genders from the 50s in the no-risk group. The age-related decline pattern of FMD in women without cardiovascular risk factors may be, at least in part, due to female hormones, including oestrogens. The decade of the 50s at which gender-related difference in FMD disappeared in the present study was around the time of menopause. On the other hand, in the at-risk and CVD groups, there was no significant difference in FMD between men and women from the 30s, suggesting that cardiovascular risk factors diminished the protective effect of female hormones against endothelial dysfunction.
Systolic blood pressure and diastolic blood pressure were also independent determinants of FMD. It has been reported that endothelial function becomes progressively impaired as blood pressure increases and that the degree of dysfunction is related to the severity of hypertension. 23 24 Although several mechanisms, including decreased NO bioavailability, 25 excessive oxidative stress induced by angiotensin II, 26 and inflammation, 27 have been proposed, the pathogenesis of the relation between hypertension and endothelial dysfunction is not fully understood. Impairment of endothelial function assessed by FMD is already present at even prehypertensive blood pressure levels. 5 Additionally, it has been reported that prehypertensive subjects categorised into high-normal blood pressure (systolic pressure of 130-139 mm Hg or diastolic pressure of 85-89 mm Hg) have a higher incidence of CVD than do those with optimal blood pressure (systolic pressure <120 mm Hg and diastolic pressure <80 mm Hg). 28 These findings suggest that impaired endothelial function contributed to increased cardiovascular events in subjects with high-normal blood pressure. Further studies are needed to determine the relationship between FMD and occurrence of cardiovascular events in prehypertensive subjects.
Baseline brachial artery diameter has been reported to be a potential factor that might confound interpretation of FMD. 4 5 11 12 16 When the baseline diameter changes, the value of FMD expressed as the resulting percent change in diameter might be affected. FMD has been demonstrated to be proportional to hyperaemic systolic shear stress that occurs during postischaemic hyperaemia. 29 Therefore, a possible explanation for the inverse correlation between FMD and baseline brachial artery diameter is that shear stress stimulus during reactive hyperaemia is greater in small arteries because of the dependence of postischaemic systolic flow on radius squared, leading to greater FMD in small arteries. 30 Although previous studies have shown that FMD correlates negatively with baseline brachial artery diameter, it is unclear whether this inverse correlation is present in all decades of age. In the present study, we demonstrated that FMD decreased in relation to increase in the brachial artery diameter, and strongly correlated with the brachial artery diameter in every decade from the 20s through the over 70s. These findings suggest that brachial artery diameter should be taken into consideration as a confounding factor of FMD in all ages of subjects. It needs to be clarified whether brachial artery diameter per se is a mere confounding factor or a manifestation of atherosclerosis for interpretation of the value of FMD.
There were some limitations in this study. First, among the 3819 non-current smokers, we had no information for 1616 subjects (42.3%) on whether they were ex-smokers or not. Therefore, the influence of former smoking has not been taken into account in the analysis in the present study. Second, the relationships between FMD and cardiovascular risk factors and the strong correlation between FMD and brachial artery diameter, as a confounding factor in the interpretation of the results of FMD, have been well established in previous studies. 4 5 However, this study reconfirmed these associations in a large number of well-characterised subjects using automated computerised ultrasonography with an edgetracking system, which enables identification of the true peak value of FMD. The size of the study and the accuracy of the measurements validated the usefulness of this approach and provided evidence for the possibility of FMD being used as a marker of atherosclerosis.
In conclusion, FMD measured by using an ultrasound system with an edge detection and wall-tracking system is associated with cardiovascular risk factors in a general population. This study endorses the application of this method for measurement of FMD in clinical practice. Baseline brachial artery diameter correlates strongly with FMD in all decades of age. When applying the results of FMD in a clinical setting, we should take these parameters into account as potential factors that might confound interpretation of FMD. Further studies are needed to establish diagnostic criteria in order to diagnose endothelial dysfunction for detection of the early stage of vascular failure and of future cardiovascular outcomes.
Key messages
What is already known on this subject? The relationships between flow-mediated vasodilation (FMD) and cardiovascular risk factors, and the strong correlation between FMD and brachial artery diameter, as a confounding factor in the interpretation of the results of FMD, have been well established in previous studies.
What this study adds?
In the present study, we adopted a continuous diameter assessment methodology using automated computerised ultrasonography with an edge-tracking system. In this approach, the transducer was held at the same position, and edges of the brachial artery were automatically detected and continuously tracked at the same point throughout the study. Therefore, compared with the traditional approach, this method may provide true values of peak FMD and enable more accurate and simpler measurement of FMD. Baseline brachial artery diameter correlates strongly with FMD in all decades of age. When applying the results of FMD in a clinical setting, we should take these parameters into account as potential factors that might confound interpretation of FMD.
